The construction of realistic atomistic models for amorphous solids is complicated by the fact that they do not have a unique structure. Among the different computational procedures available for this purpose, the melting and rapid quenching process using molecular dynamics simulations is commonly employed as it is simple and physically based. Nevertheless, the cooling rate used during quenching strongly affects the reliability of generated samples, as fast cooling rates result in unrealistic atomistic models. In this study, we have determined the conditions to be fulfilled when simulating the quenching process with molecular dynamics for obtaining amorphous Si (a-Si) atomistic models structurally compatible with experimental samples. We have analyzed the structure of samples generated with cooling rates ranging from 3.3 10 10 to 8.5 10 14 K/s. The obtained results were compared with experimental data available in the literature, and with samples generated by other state-of-the-art and more sophisticated computational procedures. For cooling rates below 10 11 K/s, a-Si samples generated had structural parameters within the range of experimental samples, and comparable to those obtained from other refined modeling procedures. These computationally slow cooling rates are of the same order of magnitude than those experimentally achieved with pulsed energy melting techniques. Samples obtained with faster cooling rates can be further relaxed with annealing simulations, resulting in structural parameters within the range of experimental samples. Nevertheless, the required annealing times are on the order of microseconds, which makes this annealing step non practical from a computational point of view.
Introduction
Amorphous silicon (a-Si) is a material of great interest for state-of-the-art inexpensive high efficient heterojunction and thin-film solar cells [1] . a-Si also plays an important role for junction formation in electronic devices as solid phase epitaxial regrowth of a-Si results in hight dopant activation [2, 3] . There is a variety of experimental procedures for a-Si generation [4] [5] [6] . Some methods consist in the deposition of a vapor containing Si atoms on a convenient substrate. The vapor can be obtained from the evaporation or sputtering of a solid Si source (physical vapor deposition, PVD) [5, 7] , or from the decomposition of precursor Si gases (chemical vapor deposition, CVD) by pyrolysis or glow-discharge (plasma-enhanced) [5, 8] . Evaporation and sputtering processes are generally considered to have cooling rates on the order of 10 8 K/s [4] . Other methods to produce a-Si consist in the direct modification of a crystalline Si (c-Si) substrate. Ion, electron and neutron irradiation of c-Si induce a-Si formation by the accumulation of radiation induced damage [5, [9] [10] [11] [12] [13] . Indentation can also promote a-Si through a pressure induced phase transformation [5, 13] . a-Si can also be generated by quenching liquid Si (l -Si). Bulk-quenching methods are limited to cooling rates of less than 10 7 − 10 8 K/s, while pulsed energy quenching processes have typical cooling rates of ≳ 10 10 K/s [4, 6] . Only these fast cooling rates from pulsed energy melting techniques can prevent Si crystallization during the quenching process of l -Si [4] [5] [6] [14] [15] [16] [17] .
All these experimental procedures result in a-Si samples with different properties and defect concentrations [5, 18] . Defects present in a-Si interact with charge carriers [19, 20] , affect dopant diffusion [21] and limit the efficiency of fabricated devices [22] . Experimentally observed defects in a-Si are associated to non four-fold coordinated Si atoms (like dangling or floating bonds, which are three-and five-folded Si atoms, respectively) or highly stretched Si-Si bonds in the material [23] . a-Si samples generated by CVD present an electron spin resonance signal much smaller than those generated by PVD [18, 24] , which is related to a lower density of dangling bonds. Samples obtained by laser quenching resulted in structural characteristics similar to those obtained by CVD [5, 15, 17] , and are compatible with well relaxed a-Si [5] . PVD, irradiation and indentation processes generate unrelaxed a-Si samples [5, 13] , which are commonly treated with subsequent thermal annealings to reduce the defect density [5, [9] [10] [11] [12] [13] .
The inherent variability of the a-Si configuration and properties depending on the fabrication process make the proper modeling of its structure difficult. An adequate understanding of the amorphous structure is needed, and recent studies demonstrate the interest in providing realistic atomistic models of amorphous solids that reproduce the structure of experimental samples [25] [26] [27] [28] [29] . a-Si has been considered as a prototype for tetrahedrally coordinated covalent amorphous materials, which can be described as a continuous random network (CRN) [6, 30] . CNR structural models consist of a network of atoms assembled at random positions with the 2 sole restriction that each atom must be perfectly coordinated according to its valence. For this purpose, small deviations from the crystalline bond angle and bond length are allowed. Despite the simplicity of this idea, its practical realization is not straightforward. The first algorithm to construct a CRN structure for covalent amorphous materials was developed by Wooten, Winer and Weaire, the so-called WWW algorithm [31] . It starts from the crystalline structure, and it introduces local bond rearrangements in the lattice while keeping the four-fold coordination of Si atoms. Barkema and Mousseau (BM) optimized the WWW algorithm [32, 33] and removed the restriction of starting from a crystalline structure while their algorithm also forces four-fold coordination. Both the WWW and the BM procedures result in a-Si samples where all atoms are four-fold coordinated, and thus satisfying the principle of the CRN model, but intrinsic defects present in experimental samples are not reproduced. Neither the algorithms used in WWW and BM procedures are based on any physical process nor experimental data is used as reference during the generation of the a-Si samples. Nevertheless the pair correlation function (PCF) of generated samples agree very well with experimental results [31] [32] [33] . A similar procedure to WWW and BM consists on the accumulation of bond defects in c-Si [34] [35] [36] . Bond defects are local rearrangements of bonds in the Si lattice with no excess or deficit of atoms and keeping the four-fold coordination of atoms. This defect can result from a pure ballistic process or by incomplete Si interstitial-vacancy recombination, and it has been used for modeling ion-beam-induced amorphization and recrystallization of c-Si [34, 35] . a-Si samples generated by the accumulation of bond defects have large concentration of coordination defects as the desired concentration of bond defects is first introduced in the simulation cell and then the resulting configuration is relaxed [36] , while in WWW and BM models relaxation is performed after each bond rearrangement.
A different theoretical procedure for obtaining structural models of a-Si consist in using sophisticated reverse Monte Carlo (RMC) techniques. These techniques create atomistic models by fitting their structure factor and PCF to available diffraction data from experiments [37] [38] [39] [40] . RMC techniques are not based on any physical process, but experimental data is used as reference. Thus, they reproduce the experimental data used in the fitting process, but they are not predictive. Structures obtained using RMC techniques can present coordination defects rather than perfect four-fold coordination as in WWW and BM models. Initial RMC algorithms resulted in quite unrealistic bond angle distributions, large bond angle deviations, and large concentration of coordination defects [25, 28, 38] . More recently, RMC algorithms have been improved by including interatomic forces from empirical potentials or ab initio calculations in the fitting procedure that lead to more realistic atomistic models [25] [26] [27] [28] 41] .
Paracrystalline atomistic models have also been proposed for describing the atomic structure of a-Si [42] [43] [44] [45] [46] .
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These models have shown to adequately describe the experimental PCF and structure factor of a-Si, as well as fluctuation electron microscopy data. These models are made computationally by inserting randomly oriented nanometric c-Si grains in an amorphous matrix, followed by energy minimizations of the configurational energy.
There are also computational procedures for generating a-Si using molecular dynamics (MD) simulations that resembles some physical processes. One example is the generation of a-Si through the accumulation of damage generated by energetic atoms, which resembles the generation of a-Si by ion irradiation. Nevertheless, this procedure results in atomistic models with large concentration of coordination defects a-Si [13, 36] . Another common and simpler procedure for generating a-Si using MD simulations is by the quenching of l -Si [13, 27, [47] [48] [49] [50] , which resembles the preparation of a-Si by pulsed energy melting techniques. Typical cooling rates used in this computational procedure are of the order of 10 13 − 10 14 K/s [13, 27, 47, 48] , while few studies have characterized samples generated with slower cooling rates [49] [50] [51] . These cooling rates are comparable (and some of them larger) to cooling rates experimentally achieved in pulsed energy melting techniques [4, 6] . The cooling rate considered in the simulation severely limits the reliability of generated a-Si structures, as unrealistic fast cooling rate results in a-Si samples with a large concentration of coordination defects. This is the main argument against the use of quenching process for obtaining a-Si through computer simulations [13, 27] .
In the present work we focused on the quenching process using MD simulations for generating atomistic models of a-Si as it is a physically based and simple method that can be easily implemented. As previously indicated, this procedure has been extensively used in the past. Nevertheless, cooling rates achieved were highly limited by the available computational resources, and not so well relaxed a-Si samples were generated.
Nowadays, high performance computing facilities have removed this limitation and slower cooling rates are possible. The aim of this work is to review the features of a-Si samples generated by quenching process using MD simulations in order to determine the conditions that have to be fulfilled for obtaining a-Si atomistic models with structural parameters comparable with experimental samples. For this purpose, we used a wide range of cooling rates, and we analyzed the structure of generated samples in terms of bond lengths and bond angle deviations. We first verified that trends found in other works using the quenching process are also satisfied by by samples generated in the present work. We then compared their structural parameters with data of different types of a-Si from experiments and other computational works available in the literature. This comparison served us to establish the range of cooling rates that resulted in a-Si models structurally compatible with experimental samples. We also analyzed the feasibility of subsequent thermal annealings for effectively relaxing a-Si samples generated by relatively fast cooling rates within the range of structural parameters of experimental samples. 
Simulation details
We used the Tersoff potential in its third parametrization to describe the Si-Si interactions in our simulations [52] . This empirical potential has been shown to properly describe atomic structures different from the tetrahedral bonding of the zinc-blende lattice. For example, it was successfully used to study the structure of point defects [53] and extended defects [54, 55] To generate a-Si samples by the quenching process, we first melted these c-Si simulation cells by heating them to 4000 K and equilibrating them at this temperature during 3 ps. We represented the PCF of samples at the end of the equilibration phase in Fig. 1 . It can be seen that the curves are identical for the three system sizes, and they agree with the PCF of l -Si described by Tersoff empirical potential [52, 56, 59] . Figure 1 indicates that no signatures of the initial crystalline state are left after the equilibration at 4000 K. The same PCF is also obtained after 34 ps and 65 ps equilibration at 4000 K for all system sizes (not shown), which indicates that the liquid is properly equilibrated after 3 ps.
After the equilibration step at 4000 K, simulation cells were quenched to 300 K using cooling rates ranging from 3.3 10 10 to 8.5 10 14 K/s by removing kinetic energy every a given number of time steps, and letting the system evolve through the NVE ensemble between energy removals. The amount of kinetic energy removed and the number of time steps between energy removals determined the cooling rates of the simulation. Crystallization occurred for cooling rates slower than 3.3 10 10 K/s. Finally, as-quenched samples were thermalized at 300 K during 10 ps, and atomic positions, kinetic and potential energies were averaged during the last 5 ps for obtaining the potential energy of the amorphous structure (evaluated as the difference between the averaged potential and kinetic energies) with respect to c-Si at 300 K, the PCF, the atomic coordination (from the integral of the nearest neighbor peak of the PCF), and the bond length and angle distributions using a nearest-neighbor bonding cutoff of 2.85Å.
Some of the a-Si samples were used as the initial configuration for annealing simulations at temperatures from 900 K to 1300 K during times ranging from 0.95 to 0.75 s, with shorter simulation times corresponding to higher annealing temperatures. We averaged the kinetic and potential energies during simulations every 1000 steps to visualize the relaxation of the samples. These simulations were intended to analyze the effect of the annealing process on the structural characteristics. The final atomic structure resulting from the annealing simulation was thermalized at 300 K for evaluating their energetic and structural characteristics. We considered in all our simulations a time step of 1 fs.
Results and discussion
We represented in Fig. 2 the energetic and structural characteristics of obtained a-Si samples as a function of the cooling rate. As the cooling rate is slower, the potential energy is reduced, the averaged structural features are closer to those of c-Si (atomic coordination approaches four, bond length and angle are closer to 0 = 2.35
A and 0 = 109.47 • ), and the bond angle (Δ ) and length (Δ ) deviations are reduced [49] . It can be seen that there is an excellent agreement between the results obtained with the different system sizes, so we will focus on the results obtained for the smaller simulation cell in the following discussion.
We summarized in Table 1 the energetic and structural characteristics of the 576-atoms a-Si samples generated with the slowest cooling rates, along with data from other theoretical models. It can be seen that most atoms (∼ 96 − 97%) are four-fold coordinated. In the case of WWW and BM models, all the atoms in the generated samples are four-fold coordinated. This percentage is reduced to 88 − 90% in conventional RMC models [25, 40] , while it was increased to 96 − 99% in improved RMC models [26] [27] [28] . The percentage of fourfold-coordinated atoms is unrealistic for some RMC models [28, 41] and the paracrystalline models analyzed [43] . 
576 atoms cell Among the structural parameters of a-Si models, the bond angle deviation is a good indicator of the relaxation state of a-Si [61] . We represented in Fig. 3 the bond angle distributions of 576-atom a-Si samples generated with the fastest and the slowest cooling rates, along with their PCF. Slower cooling rates result in bond angle distributions with only one peak at the average bond angle reported in Table 1 , and they do not show the typical peak at ∼ 60 • of a-Si samples generated with fast cooling rates. This peak is a signature of a supercooled liquid sample rather than an amorphous one [49] . For the case of the fastest cooling rates, i.e.
8.5 10 14 and 4.2 10 14 K/s, we analyzed the atomic coordination of atoms that presented bond angles between 50 • and 70 • . We found that on average 75% of those atoms are five-fold coordinated, 20% are six-fold coordinated, and 5% are four-fold coordinated. Thus, this peak corresponds to over-coordinated Si atoms [49] . It has been observed that l -Si undergoes structural and energetic changes when reducing the temperature, that makes its structure evolve towards the structure of a-Si through a glass transition [56, 59, [62] [63] [64] [65] . Therefore, this phase transition cannot be completed when fast cooling rates are used, and over-coordinated atoms characteristic of l -Si remain in the sample.
Experiments show that relaxed a-Si has Δ ∼ 7 − 11 • , while this value is increased in irradiated samples [11, 61] . In the case of theoretical models, WWW and BM models usually result in Δ ∼ 9 − 11 With respect to the PCFs shown in Fig. 3 .b, the slowest cooling rates present similar PCFs, which are significantly different from the one of the sample generated with the fastest cooling rate. Slowest cooling rates results in a high and narrow peak at the bonding distance, wider peak at second-neighbor distance, empty region between first and second peaks, and oscillations around one for large distances [10, 49, 66] . Weak peaks at the sides of the empty region around 2.8Å that appear for the fastest cooling rate are known effects due to the cut-off function in the empirical potential [52] . These peaks are especially relevant in unrelaxed a-Si samples, while they are absent in well relaxed ones. There is a smooth evolution of characteristics of the PCF between curves shown in Fig. 3 .b for the fastest and the slower cooling rates as the cooling rate is reduced (not shown).
In the following we will correlate the structural features of generated samples with experimental results in order to check the reliability of the MD quenching process for the generation of a-Si atomistic models. The 9 short range atomic structure of a-Si can be interpreted as a result of small deviations from the bond angle and the bond length of c-Si. In experimental works, bond angle and bond length deviations, along with the nearest neighbor distance ( ), can be directly obtained from X-ray [9, 10] or neutron diffraction [66] measurements, while Δ can be also evaluated indirectly from the TO-mode peak in Raman spectra [61] . Thus, the experimental range of Δ and Δ determine the allowed dispersion range for bond angles and bond lengths in atomic models of a-Si, and it can be used to evaluate the validity of theoretically obtained atomistic structures.
We represented in Fig. 4 the correlation between the bond angle deviation (Δ ), the relative bond length deviation with respect to the bonding distance of c-Si (Δ ∕ 0 ), and the relative bond length difference with respect to c-Si (Δ ∕ 0 = ( − 0 )∕ 0 ) of the samples generated in the present work, along with experimental data (a-Si generated by sputtering [7] , CVD [8] and ion implantation [9] ), and data from theoretical a-Si models (CRN models [67] , WWW models [60] , BM models [32, 33, 68, 69] , RMC models [28] , paracrystalline models [43] , samples generated by quenching process [48] , by bond defect accumulation [36] , and by the accumulation of radiation induced damage [36] ). We only included in Although no data of laser-quenched a-Si experimental samples was included in Fig. 4 (these data was not available in consulted references), it was found that this type of a-Si is structurally very similar to a-Si generated by CVD [5, 15, 17] . Thus, the structural characteristics of laser-quenched a-Si are expected to be very similar to those of CVD samples shown in Fig. 4 , and laying inside the range for Δ , Δ ∕ 0 , and Δ ∕ 0 previously indicated. Samples generated in the present work approach the region of experimental data as the cooling rate is reduced. In particular, samples generated with cooling rates below 10 11 K/s (whose characteristics were described in Table 1 and Fig. 2 ) present structural parameters in the range of experimental data. We also performed quenching simulations using the Stillinger-Weber potential [70] for simulation cells with 576 and 2400 atoms (not shown in Fig. 4 ). The best structural parameters obtained for these simulations were Δ ∼ 15 • , Δ ∕ 0 ∼ 4.2%, and Δ ∕ 0 ∼ 2.6%, which are far from the experimental range.
In the case of first computer generated CRN models [67] , structures are relaxed with the Keating potential [71] . This potential is usually employed for evaluating the elastic strain in atomic structural models from bond bending and bond stretching contributions. Most of considered CRN models lay within the region of experimental data, except for a couple of points. The one with the largest bond length deviation in Fig.4 .b correspond to a model initially constructed for amorphous SiO 2 , where O atoms were removed before relaxation.
Thus, the relaxed structure kept some features of the initial amorphous Si0 2 structure as indicated in Ref. [67] .
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Cooling rate (K/s) by circles ○ whose filling color refers to the cooling rate used as indicated by the gray scale at the bottom of the figure. Black symbols are for experimental a-Si generated by sputtering (black + symbols [7] ), CVD (black × symbols [8] ) and ion implantation (black˙symbol [9] ). CVD and sputtering samples were characterized at room temperature, and implanted sample at 10 K. Red symbols are for a-Si models (Mod.) generated theoretically, including first computer generated CRN models (red ▲ symbols [67] ), WWW models (red ◇ symbols [60] ), BM models (red △ [32, 33] , ▽ [68] , and □ [69] symbols), RMC models (red ⬟ symbols for invert and soap structures of Ref. [28] ), paracrystalline models (red ▼ symbols [43] ), and a-Si samples from quenching process with cooling rates of 2.3 10 13 K/s (red ■ symbols [48] ), from the accumulation of bond defects (red ◆ symbols [36] ), and from the accumulation of damage generated by recoils (red ⬠ symbols [36] ). CRN, WWW, BM and RMC models are characterized at 0 K.
Samples of the present work and those of Refs. [36, 48] are characterized at 300 K.
In the case of the WWW model [60] , it was relaxed using a tight-binding model. It lays within the region of experimental data, and a subsequent annealing results in a slight reduction of Δ (not shown in Fig. 4 ).
BM models present larger values of Δ ∕ 0 and Δ ∕ 0 [32, 33, 68] than experimental data, which increase upon irradiation and decrease with a subsequent thermal annealing [68] . When volume relaxation is allowed in the simulation cell [69] , the structural parameters lay within the experimental range as observed in Fig. 4 .b.
Nevertheless, Zotov et al. employed a Kirkwood-type harmonic potential for the relaxation step, which is based on bond bending and bond stretching as the Keating potential [72] , while the other BM models shown in Fig. 4 are relaxed using Stillinger-Weber empirical potential [32, 33, 68] . This difference in the empirical potential used for relaxing the generated a-Si structure might originate the difference in Δ ∕ 0 between BM models observed in Fig. 4 .b.
Available data from RMC models [28] show low values of Δ ∕ 0 than Δ ∕ 0 , while Δ is larger than experimental values. Values of Δ reported in table 1 are also larger than those found in experimental samples. This comparison seems to indicate that RMC models could be improved if angular information from experiments was also considered in the fitting process for the generation of the atomic structures. The paracrystalline models included in Fig. 4 present values for Δ ∕ 0 , Δ ∕ 0 , and Δ larger than experimental data [43] .
Quenched samples reported by other works [48] present angular deviations larger than the experimental samples, and in agreement with values of Δ for equivalent cooling rates in the present work (∼ 2 10 13 K/s).
Those samples were generated using with ab initio simulations, and the cooling rate used was limited by the computational cost of the simulation technique. Finally, samples generated from the accumulation of bond defects [36] and from the accumulation of damage generated by recoils [36] result in values of Δ , Δ ∕ 0 and Δ ∕ 0 larger than the range of experimental data.
In order to elucidate whether the generated a-Si samples had a random or a paracrystalline structure, we evaluated the spatial distribution of four-fold coordinated Si atoms with dihedral angles of 180 • ± 4 • of samples generated with cooling rates slower than 10 11 K/s, as in Ref. [46] . We found that they were randomly distributed in the simulation cell rather than grouped in crystalline grains. In the case of samples crystallized during the quenching process, we represented in Thermal annealing is commonly used to reduce the defect concentration and to relax the generated a-Si samples, both experimentally [5, [9] [10] [11] [12] [13] and computationally [50, 60, 68] . We analyzed how subsequent long , and a sample from a previous work generated by the accumulation of the damage generate by recoils (with Δ = 17.7 • , Δ ∕ 0 = 3.6% and Δ ∕ 0 = 2.6% before annealing) [36] . Finally, we considered a-Si samples generated in a previous work by the accumulation of 30% (with Δ = 18.6 • , Δ ∕ 0 = 3.7% and Δ ∕ 0 = 2% before annealing) and 45% (with Δ = 20.3 • , Δ ∕ 0 = 3.8% and Δ ∕ 0 = 2.55% before annealing) of bond defects as cases for highly unrelaxed computer generated a-Si [36] .
We represented in Fig. 6 the evolution of the potential energy of 576-atoms a-Si samples during annealing simulations at 900 K and 1300 K with respect to c-Si at the same temperature. It can be seen that the a-Si sample generated with the slower cooling rate (SCR) do not significantly change its energy during annealing, while the potential energy of the other samples is reduced. In addition, initial differences in the potential energy between unrelaxed samples are appreciably reduced after some time (∼ 10 3 ps for 900 K and ∼ 10 2 ps for 1300 K). Afterwards, the potential energy evolution of unrelaxed samples is similar. In the case of 1300 K, the simulated time is long enough for unrelaxed samples to reach the relaxation state of SCR sample after ∼ 10 2 ns at 1300 K, while their potential energy is still ∼ 0.03 eV/atom over the SCR sample after annealing at 900K.
Longer annealing times would be required to reach the relaxation state of SCR sample at 900 K.
We summarized in Fig. 7 In the case of the other samples, the reduction of Δ , Δ ∕ 0 , and Δ ∕ 0 is larger as the annealing temperature increases. In the case of 900 K, the small energy difference of samples with respect to the SCR sample at the end of the annealing simulation pointed out in Fig. 6 .a results in values of Δ and Δ ∕ 0 above the experimental upper limit. Thus, even 1 s annealing step at 900 K was not enough to reduce the variability range of these structural parameters within the experimental range. For annealing temperatures above 1100 K, Δ lays below the upper limit of experimental values in all cases, and values of Δ ∕ 0 oscillates around the upper limit of the experimental range. Thus, the annealing time considered is long enough for temperatures above 1100 K. For Δ ∕ 0 , almost all points are within the experimental range after annealing, and for annealing temperatures above 1100 K they are below 0.6%. In addition, the dispersion in the structural parameters represented in Fig. 7 , which has been schematically indicated by the shadowed areas, is reduced as the annealing temperature increases. Any initial structural difference among samples is negligible after a microsecond annealing at temperatures above 1200 K, i.e. a-Si samples tend to equivalent relaxed structures upon convenient annealing.
Conclusions
We reviewed the viability of the quenching process for generating realistic a-Si samples using classical molecular dynamics simulations. For this purpose, we considered cooling rates ranging from 8.5 10 14 to 3.3 10 10 K/s.
Crystallization of samples was observed for slower cooling rates. We analyzed the structural characteristics of generated samples, and we compared the obtained results with data available in the literature from experiments and from other theoretical structural models.
By comparing the bond length and angle parameters in the generated a-Si samples with experimental and other theoretical data, we could determine the conditions under which the quenching process results in a-Si samples within the variability range of experimental samples. We found that a-Si samples generated in the present work approach to the range of structural parameters found in experimental samples as the cooling rate is reduced. In particular, cooling rates below 10 11 K/s resulted in samples with structural parameters in the range of experimental data. Equivalent results have been obtained recently using more sophisticated
Machine-Learning-Driven molecular dynamics simulations [51] . These cooling rates, that are quite slow from a computational point of view, are experimentally achieved by pulsed energy melting techniques. Thus, care
should be taken when using faster cooling rates as the obtained a-Si structures might not be realistic.
We also evaluated the possibility of further relaxing the generated a-Si samples by means of long annealing simulations. We found that microsecond annealings above 1100 K can result in structural parameters within the experimental range for initially unrelaxed samples. Lower temperatures would require annealing times longer than 1 microsecond. However, the structure of initially well relaxed a-Si samples is not significantly modify during annealing.
Being a-Si an amorphous material, there is not a unique atomistic configuration describing its structure.
Nevertheless, computer generated models should provide atomic structures in good agreement with experimental data. Although there exist sophisticated state-of-the-art algorithms that adequately produce a-Si atomistic models, we showed that the simpler quenching process can also result in realistic a-Si samples whenever the cooling used is below 10 11 K/s. These slow cooling rates are not longer a limitation for computational resources available nowadays. The simulation with the slower cooling rate considered for the 576-atoms simulation cell took 26.5 hours in a single processor in a Intel Xeon E5620 working at 2.4 GHz, time that can be reduced using parallelization. Thus, the quenching process can be considered a proper method for generating structural models of a-Si that resembles pulsed energy melting techniques. Although we used empirical potentials in our simulations, generated samples could be used as the input configuration of more fundamental techniques (tightbinding or ab initio) for refinement (as it was done in Ref. [60] ) to overcome the computational cost of carrying out the quenching process with them. In addition, subsequent annealing simulations are not necessary for initially well relaxed samples. Thus, it is preferable to generate a-Si samples as relaxed as possible rather than using subsequent annealing simulations for their further relaxation, as they would require annealing simulations of the order of s that are computationally time demanding.
